Results and discussion
SX002 cells (derived from the parental strain 15Daub) express endogenous Cdc15p with a triple hemagglutinin tag (Cdc15p-HA 3 ) that exists as a cluster of bands ( Figure 1a , lane 2). When treated with potato acid phosphatase (PAP), the group of bands collapsed into a single fast-migrating band. This effect was totally blocked by sodium orthovanadate, an inhibitor of PAP ( Figure 1a , lanes [3] [4] [5] , indicating that Cdc15p is a phosphoprotein and that the heterogeneity of the Cdc15p band is caused by phosphorylation, with hyperphosphorylated forms of Cdc15p migrating slower and hypophosphorylated forms migrating faster. The fastest migrating form of Cdc15p ran at the same position as the dephosphorylated Cdc15p (Figures 1a,2c) , indicating that the lowest band represents the unphosphorylated form of Cdc15p. Therefore, in our subsequent analyses, we used the mobility of Cdc15p during SDS-PAGE as an indicator of its phosphorylation status.
Cdc15p protein levels and kinase activity towards myelin basic protein (MBP) are constant throughout the cell cycle [2] . Figure 1b shows that the phosphorylation of Cdc15p changed during the cell cycle. In cells synchronized in G1 with 1C DNA content after α-factor release, Cdc15p was partly phosphorylated (Figure 1b,d , lanes Ar and 20 minutes). As cells progressed into S and G2 phases, Cdc15p phosphorylation increased (Figure 1b,d, 40 and 60 minutes). At 60 minutes, 70% of cells had a small bud and a single nucleus localized near the bud with 2C DNA content, while the other 30% were in anaphase (Figure 1c) . Thus, Cdc15p is hyperphosphorylated from S phase to early mitosis. The dephosphorylated form increased at 70 minutes, when the fraction of late anaphase/telophase cells increased (54%). The decrease in hyperphosphorylated forms correlated with the reduced fraction of proanaphase/anaphase cells at this time (Figure 1c , 70 minutes). At 80 minutes, the dephosphorylated form accumulated to its highest level, and the hyperphosphorylated forms were further reduced. Concomitantly, the fraction of late anaphase/telophase cells was further increased (61%), while the fraction of proanaphase/anaphase cells decreased (7% and 3%, respectively). From 60-80 minutes, most cells had a 2C DNA content (Figure 1d ). Cdc15p was rephosphorylated at 90 minutes and was hyperphosphorylated again by 100 minutes. Although a large fraction of cells appeared morphologically to be still in late anaphase/telophase at 90-100 minutes (Figure 1c) , it was clear from the > 2C DNA content detected by fluorescence activated cell sorting (FACS) analysis (Figure 1d , 90 and 100 minutes) that some cells with a large bud had already entered the next cell cycle before the separation of the mother and daughter cells. The 15Daub strain has a cellseparation defect after α-factor release, but the cell cycle progresses normally (see Supplementary material). Therefore, the rephosphorylation of Cdc15p correlates with the progression of cells into G1 and S phases of the next cycle.
Cdc15p is hyperphosphorylated in cells arrested with nocodazole, in an anaphase-promoting complex (APC) mutant cdc23-1, in an hct1/sic1 double mutant as well as upon overexpression of a non-degradable Clb1p (see Supplementary material). Similar results were obtained with other late mitotic mutants such as tem1-3, dbf2-2 (our unpublished observations) and cdc14-1 ( Figure 2c ). As all the mutants arrest with high Cdc28p-Clb2p activity, these data suggest that Cdc28p-Clb2p activity upregulates the phosphorylation of Cdc15p during mitosis.
Wild-type Cdc14p, but not the C283S mutant, dephosphorylated Cdc15p completely in vitro (Figure 2a ), suggesting that Cdc15p is a potential substrate of Cdc14p. Furthermore, Cdc15p-Myc 18 was pulled down by GST-Cdc14p C283S, a catalytically inactive form of Cdc14p which is expected to trap its substrates, but not by GST alone, indicating that Cdc14p can interact with Cdc15p ( Figure 2b ). Dephosphorylation of Cdc15p was dependent on Cdc14p (a) Cdc14p dephosphorylates Cdc15p in vitro. Cdc15p-HA 3 immunoprecipitated from asynchronous SX002 cells was incubated with purified glutathione-S-transferase (GST) fusion proteins of wild-type Cdc14p or the C283S mutant as described [7, 19] (GST-Cdc14p WT or GST-Cdc14p C283S, respectively; lanes 2-4). Cdc15p-HA 3 was detected using 12CA5 antibody. function in vivo (Figure 2c ). When cdc14-1 cells were grown at the restrictive temperature, Cdc15p existed only as the hyperphosphorylated forms (lane 7, bands 3-5) and completely lacked the unphosphorylated and hypophosphorylated forms (lane 7, bands 1,2, respectively), which were present at the permissive temperature (lane 5). In the wild-type strain, Cdc15p migrated as five bands at either temperature (lanes 1,3) . Upon PAP treatment, all the phosphorylated bands collapsed into one band (band 1). Galactose-induced overexpression of Cdc14p from a GAL-CDC14 transgene in wild-type cells led to almost complete dephosphorylation of Cdc15p at either G1 or metaphase (Figure 2d, compare lanes 3,5  with lanes 2,4) . Induction of Cdc14p in asynchronous culture also led to dephosphorylation of Cdc15p in a dose-dependent manner (our unpublished observations). Thus, overexpression of Cdc14p causes dephosphorylation of Cdc15p regardless of cell-cycle stage. In summary, Cdc15p phosphorylation is upregulated during mitosis and is rapidly dephosphorylated at late anaphase/telophase. Our data suggest that Cdc15p is a direct substrate of Cdc14p and that the activation and release of Cdc14p cause the rapid dephosphorylation of Cdc15p at late anaphase/telophase. GFP-tagged Cdc15p was expressed exogenously from the GAL1 promoter (SX034). Green fluorescence was exclusively cytoplasmic throughout the cell cycle (Figure 3a) . Interestingly, in anaphase and late anaphase/telophase cells, Cdc15-GFP also appeared as two spots that always associated with the nucleus, suggesting that Cdc15p might localize to SPBs. In some late anaphase/telophase cells, Cdc15p also localized to the mother-bud neck (Figure 3a, arrows) .
A wild-type strain (SX044) that expresses galactoseinducible Cdc15p and endogenous Spc29p (an SPB marker [9] [10] [11] ) tagged, respectively, to the yellow fluorescent protein (Cdc15p-YFP) and cyan fluorescent protein (Spc29p-CFP) was used to colocalize Cdc15p and Spc29p. After galactose induction, a Z-series of cell images was taken with a deconvolution microscope using a YFP and CFP filter set. Figure 3b -e shows a single plane of a Z-series of images for seven cells. Spc29p-CFP appeared as bright green dots associated with the nucleus in every cell, although only two cells showed Spc29p-CFP staining in this particular plane. Like Cdc15p-GFP, Cdc15p-YFP appeared as red dots only in mitotic cells. The red dots of Cdc15p-YFP colocalized with Spc29p-CFP in these cells. Figure 3b -e shows the colocalization of Cdc15p-YFP with Spc29p-CFP in a late anaphase/telophase cell. Therefore, Cdc15p localizes to the SPBs in mitotic cells. We also observed localization of Cdc15p-GFP expressed from the CDC15 chromosomal locus to both SPBs in late anaphase/telophase cells, although the GFP signal was extremely weak (our unpublished observations). Thus, the localization of exogenously expressed Cdc15p under our brief induction condition is not an overexpression artifact. In fission yeast, Cdc7p localizes to both SPBs in early mitosis and dissociates from one SPB during late anaphase [8] . Cenamor et al. [12] found that Cdc15p asymmetrically localized to the SPB of daughter cells at anaphase. However, we were not able to verify the aymmetric SPB localization of Cdc15p under our experimental conditions. The localization of Cdc15p on SPBs is cell cycle regulated (see Supplementary material). In G1 or proanaphase cells, no SPB localization was observed. More than 50% of anaphase cells and 80% of late anaphase/telophase cells showed SPB localization of Cdc15p, however. Late anaphase/telophase cells with mother-bud neck staining appeared at 80 minutes, with the fraction of such cells increasing at 100 minutes, suggesting that Cdc15p localizes to the neck area at the end of telophase. Cdc15p is also localized in the cytoplasm and on both SPBs in cdc23-1 and cdc14-1 cells, in cells arrested with nocodazole, as well as upon overexpression of a non-degradable Clb1p (see Supplementary material). The localization at the mother-bud neck was not observed in these cells, however (data not shown).
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In Schizosaccharomyces pombe, a similar mitotic network composed of Byr4p, Cdc16p, Spg1p, Cdc7p and Sid2p directly regulates septation [8, 13, 14] . Spg1p and Cdc7p have been shown to localize to SPBs. Sid2p, a homologue of Dbf2p, is localized to both SPBs and the cell-division site at the end of mitosis [14] . In Saccharomyces cerevisiae, Bub2p and Byr4p/Bfa1p localize to SPBs constitutively, while Cdc5p only localizes to both SPBs during an earlier stage of mitosis [15] [16] [17] . We have demonstrated that Cdc15p also localizes on SPBs during mitosis. Therefore, localization to SPBs is a common feature of proteins that function in late mitosis. We observed that Cdc15p localizes to the motherbud neck at the end of telophase in a small proportion of cells overexpressing Cdc15p (Figure 3a) . However, we are not certain whether endogenous Cdc15p localizes to the neck.
Our studies demonstrate that both the phosphorylation and localization of Cdc15p are regulated during the cell cycle and that Cdc14p dephosphorylates Cdc15p at late anaphase/telophase. It is known that Cdc15p regulates the release of Cdc14p. Our data suggest that the released Cdc14p has a feedback impact on the function of Cdc15p. To fully understand the mechanism and significance of such regulations, we need to identify the critical sites that are phosphorylated and dephosphorylated in Cdc15p during the cell cycle.
Supplementary material
Supplementary material, including figures showing phosphorylation of Cdc15p in various mutant and wild-type cells released from nocodazole block, the cell cycle regulation of the SPB localization of Cdc15p and the localization of Cdc15p-GFP under different conditions, together with additional methodological detail, is available at http://current-biology.com/supmat/supmatin.htm.
